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Kinematic distributions in Higgs decays to four charged leptons, the so called ‘golden channel, are
a powerful probe of the tensor structure of its couplings to neutral electroweak gauge bosons. In this
study we construct the first part of a comprehensive analysis framework designed to maximize the
information contained in this channel in order to perform direct extraction of the various possible
Higgs couplings. To that end we first complete an earlier analytic calculation of the leading order
fully differential cross sections for the golden channel signal and background to include the 4e and
4µ final states with interference between identical final states. We also examine the relative fractions
of the different possible combinations of scalar-tensor couplings by integrating the fully differential
cross section over all kinematic variables as well as show various doubly differential spectra for both
the signal and background. From these analytic expressions we then construct a ‘generator level’
analysis framework based on the maximum likelihood method. We demonstrate the ability of our
framework to perform multi-parameter extractions of all the possible effective couplings of a spin-
0 scalar to pairs of neutral electroweak gauge bosons including any correlations. This framework
provides a powerful method for study of these couplings and can be readily adapted to include the
relevant detector and systematic effects which we demonstrate in an accompanying study to follow.
I. INTRODUCTION
With the recent discovery of the Higgs boson at the
LHC [1, 2] the focus now shifts to the determination of
its detailed properties and in particular whether or not
it possesses any anomalous couplings not predicted by
the Standard Model. Ideally, the constraining or mea-
suring of these couplings should be done through direct
parameter extraction with minimal theoretical assump-
tions. The vast literature [3–29] on Higgs decays to four
charged leptons (electrons and muons) through neutral
electroweak gauge bosons, the so called ‘golden channel’,
suggests that it can be a powerful channel in accomplish-
ing this goal.
In addition, the high precision with which this channel
is measured allows for one of the best opportunities to use
analytic methods to analyze data. As has already been
suggested for the golden channel [13, 17, 27] and to be
further emphasized here, analytic methods are optimal
for performing direct multi-parameter extraction within
a minimal amount of computing time. Furthermore, as we
show in an accompanying study [30, 31], within an ana-
lytic framework one can also include the relevant detector
effects in order to obtain a ‘detector level’ likelihood in
terms of the full set of observables available in the four
lepton final state. Of course other frameworks have also
been recently constructed to study the golden channel
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(see for example recent Madgraph [21, 32] or JHU gen-
erator [27] based implementations which also include the
possibility to study other Higgs decay and production
channels). In this study we construct the first part of
a comprehensive analysis framework, based on a largely
analytic implementation, designed to maximize the in-
formation contained in the golden channel in order to
perform direct extraction of the various effective Higgs
couplings.
We begin by extending our previous leading order ana-
lytic calculations [33], for both the signal and background
in the 2e2µ final state, to now also include the 4e final
state. We include the interference between identical fi-
nal states as well as interference between all intermedi-
ate states. Explicitly we calculate for the signal process
ϕ→ ZZ+Zγ+γγ → 4e/4µ where ϕ is a spin-0 scalar and
we have allowed for all possible tensor structures. This
covers all possible couplings of a spin-0 scalar to ZZ, Zγ,
or γγ pairs. For the dominant irreducible background we
compute qq¯ → 4e/4µ including both the t and s-channel
process mediated by Z and γ vector bosons. All vector
bosons are allowed to be on or off-shell and we do not
distinguish between them in what follows.
After presenting the calculation of the analytic fully
differential cross sections, we then examine various as-
pects of the golden channel in more detail. First, we iso-
late the individual contributions to the golden channel
signal by obtaining the ‘partial fractions’ for each possible
combination of tensor structures which can contribution
to the ϕ→ ZZ+Zγ+γγ → 4` (where 4` = 2e2µ, 4e, 4µ)
process. This is done by integrating the differential cross
section over the set of kinematic variables for a given
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2phase space. These partial fractions give an indication
of the relative contributions of each component to the
golden channel and a rough picture of the potential sen-
sitivity to the various tensor structures. As part of this
integration we also show a number of doubly differential
spectra for signal and background in the Appendix.
We then construct a maximum likelihood analysis
using the analytic expressions of the fully differential
cross sections to build the probability density functions
(pdfs). This framework builds upon and extends recent
studies which first introduce using analytic expressions
to perform parameter extraction in the golden chan-
nel [13, 17, 27]. Using these analytic pdfs, we study the
ability of the golden channel to directly extract the cou-
plings between a spin-0 scalar and ZZ, Zγ, and γγ
pairs. We validate our analysis framework by perform-
ing a number of simplified ‘generator level’ studies. To
do this we choose an example parameter point in which
all possible operators are simultaneously ‘turned on’ in
order to demonstrate the validity of our maximization
procedure as well as our ability to simultaneously extract
the various couplings as well as their correlations.
Of course a proper treatment of the golden channel
requires careful study of detector resolution and accep-
tance effects. This also includes an adequate treatment
of the production variables for both signal and back-
ground as well as taking into account higher order con-
tributions. We leave these issues to an accompanying pa-
per [30] where we construct a ‘detector level’ analysis
which includes a treatment of all these issues as well
as systematic uncertainties while retaining the flexibil-
ity and speed in parameter extraction which we present
at ‘generator level’ in this study.
The organization of this paper is as follows: in Sec. II
we briefly review the kinematics of the four lepton final
state. In Sec. III we describe the calculation of the signal
fully differential cross section while in Sec. IV we de-
scribe the calculation of the background fully differential
cross section. In Sec. V we examine the relative fractions
of all the possible operators which might contribute to
ϕ→ ZZ + Zγ + γγ → 4`. We then present our analysis
framework and perform an example parameter extraction
to motivate the possibility of extracting the various cou-
plings directly. We also comment on ongoing and future
studies before concluding in Sec. VI. In the Appendix in
Sec. VII we also show various 2D projections for both the
signal and background in the 4e channel as well as the
relative fractions for a second set of phase space cuts.
II. KINEMATIC VARIABLES
In this section we briefly discuss the set of observables
used to parameterize the ϕ→ ZZ+Zγ+γγ → 4` (where
4` = 2e2µ, 4e, 4µ) and qq¯ → 4` fully differential cross sec-
tions. The kinematics of four lepton events are described
in detail in [13] and are illustrated in Fig. 1. The invariant
masses in the system are defined as,
Θ
FIG. 1. Definition of angles in the four lepton CM frame X.
Here Z1 and Z2 can be either Z or γ.
• √s ≡ mϕ – The invariant mass of the four lepton
system or equivalently the Higgs mass for the signal
case.
• M1 – The invariant mass of the lepton pair system
which reconstructs closest to the Z mass.
• M2 – The invariant mass of the other lepton pair
system.
These variables are all independent subject to the con-
straint (M1 + M2) ≤
√
s. Note also that the 4e/4µ final
state can be reconstructed in two different ways due to
the identical final state interference. This is a quantum
mechanical effect that occurs at the amplitude level and
thus both reconstructions are valid. The definitions M1
and M2 remained unchanged however.
The angular variables are defined as,
• Θ – The ‘production angle’ between the momentum
vectors of the lepton pair which reconstructs to M1
and the total 4` system momentum.
• θ1,2 – Polar angle of the momentum vectors of
e−, µ− in the lepton pair rest frame.
• Φ1 – The angle between the plane formed by the
M1 lepton pair and the ‘production plane’ formed
out of the momenta of the incoming partons and
the momenta of the two lepton pair systems.
• Φ – The angle between the decay planes of the final
state lepton pairs in the rest frame of the 4` system.
We have ignored the off-set angle φ, defining a global ro-
tation of the event which is ‘flat’ and thus not shown.
We can group the angular variables as follows ~Ω =
(Θ, cos θ1, cos θ2,Φ1,Φ).
3There are also in principal the ‘production’ variables
associated with the initial partonic state four momen-
tum. This four momentum defines the invariant mass of
the CM frame (
√
s), as well as the rapidity (Y ) defined
as the motion along the longitudinal direction, and the
momentum in the transverse direction (~pT ). In principal
the inclusion of Y and ~pT as observables would increase
the discriminating power of the golden channel, but as
we are interested primarily in parameter extraction and
these variables introduce additional systematic uncer-
tainties we do not consider them in our set of observ-
ables. When including detector effects, however, these
production variables must be properly accounted for as
we will do in [30].
III. SIGNAL
In this section we present the calculation of the sig-
nal fully differential cross section for the process ϕ →
ZZ +Zγ+ γγ → 4e/4µ. We take ϕ to be a general spin-
0 scalar and consider all possible couplings to any com-
bination of Z and γ pairs allowing for mixtures of both
CP even and odd interactions. We follow closely, with
a slight variation in strategy and notation, the method
used in [33] for the calculation of the 2e2µ final state and
refer the reader there for many of the details. Here the
only additional calculation needed is that for the identi-
cal final state interference in the 4e/4µ channels. Various
validations of the calculation can be found in the Ap-
pendix as well as [33],[30], and [31].
A. Parametrization of Scalar-Tensor Couplings
The general couplings of a scalar ϕ to ZZ,Zγ or γγ
pairs can be parametrized by the following vertex1,
Γµνij (k, k
′) =
i
v
(
A1ijm
2
Zg
µν +A2ij (k
νk′µ − k · k′gµν)
+ A3ij
µναβkαk
′
β
)
, (1)
where ij = ZZ,Zγ, or γγ and k and k′ represent the
four momentum of the intermediate vector bosons with
v the Higgs vacuum expectation value (vev) which we
have chosen as our overall normalization. The A1ij,2ij,3ij
are dimensionless arbitrary complex (momentum depen-
dent) form factors. For the purposes of this study how-
ever, we will approximate the couplings as constant as is
done in other similar analysis [13, 17, 21, 27, 32] though
our framework can easily be made to include the full
momentum dependence of the form factors. For the case
of a scalar coupling to Zγ or γγ, electromagnetic gauge
1 Note that the A2 Lorentz structure differs by an overall sign from
the definition found in [33].
invariance requires A1 = 0, while for ZZ it can be gener-
ated at tree level as in the SM or by higher dimensional
operators.
We can also write Eq.(1) as,
Γµνij (k, k
′) = (A1ijV
µν
1 +A2ijV
µν
2 +A3ijV
µν
3 )
=
3∑
n
AnijV
µν
n =
3∑
n
Γµνijn, (2)
where the coefficients Anij and Lorentz structure V
µν
n are
those found in Eq.(1). Although it is more general, the
parametrization in Eq.(1) can for example be mapped
onto the Lagrangian2 given by,
L ⊃ 1
4v
ϕ
(
2ghm
2
ZZ
µZµ + gZZ
µνZµν + g˜ZZ
µνZ˜µν
+ 2gZγF
µνZµν + 2g˜ZγF
µνZ˜µν
+ gγF
µνFµν + g˜γF
µν F˜µν
)
, (3)
where we have allowed only up to dimension five opera-
tors and Zµ is the Z field while Vµν = ∂µVν−∂νVµ is the
usual bosonic field strengths. The dual field strengths are
defined as V˜µν =
1
2µνρσV
ρσ. Thus for this Lagrangian
we would have, A1ZZ ≡ gh, A2ZZ ≡ gZ , A3ZZ ≡ g˜Z
and similarly for Zγ and γγ. This makes Eq.(1) a conve-
nient parametrization for fitting to Lagrangian parame-
ters that might be generated in various models at dimen-
sion five or less. If ϕ is purely the Standard Model Higgs,
then A1ZZ = 2, while all other coefficients are taken as
approximately zero3. Note also that in this parameteriza-
tion we have not made any theoretical assumptions about
the nature of ϕ such as imposing that the couplings are
related by SU(2)L⊗U(1)Y gauge invariance for example.
We note that it is important to include all possible
Higgs couplings including the Zγ and γγ contributions
in the signal differential cross section. This is because
since the Higgs appears to be mostly ‘standard model
like’ [36] this means we are primarily searching for small
anomalous deviations from the standard model predic-
tion. Thus when attempting to extract specific couplings
we must be sure that one small effect is not being mis-
taken for another (this is also why it is important to in-
clude the interference effects between the identical final
state leptons). This is especially true because as we will
see many of the couplings are correlated. Including all
possible couplings and doing a simultaneous fit ensures
we minimize the possibility of introducing a bias when
attempting to extract these couplings.
We allow for all vertex structures in Eq. (1) to con-
tribute simultaneously including all possible interference
effects. Of course Eq.(1) can be mapped onto Lagrangians
2 This vertex has been implemented into the Feyn-
Rules/Madgraph [34, 35] framework for validation purposes.
3 There is potentially non-negligible contributions from A2Zγ and
A2γγ which we discuss briefly in the Appendix.
4with dimension greater than five with appropriate trans-
lation of the parameters, but we work explicitly with the
vertex in Eq.(1) and Eq.(2) when calculating the fully
differential cross section for ϕ → ZZ + Zγ + γγ →
4e/4µ. Below we summarize the details of the calcula-
tion which is performed using the Tracer [37] package in
Mathematica [38] to perform the necessary Dirac algebra.
B. Calculation
To compute the process ϕ→ ZZ + Zγ + γγ → 4e/4µ
we include the diagrams shown in Fig. 2 where i, j = Z, γ
and parameterize the scalar coupling to gauge bosons as
in Eq.(2). For any ij intermediate state, the amplitude
MOF ij exists for both the opposite flavor (OF) 2e2µ final
state as well as for the same flavor (SF) 4e/4µ final state.
The amplitude MSF ij which is obtained by exchanging
the four momentum of the particles (or anti-particles), is
only present for the 4e/4µ final state. The total ampli-
tude for any particular intermediate state is the sum of
the two diagrams and can be written as,
Mij =MOF ij +MSF ij , (4)
Assuming the final state leptons to be massless, we can
write the OF amplitude as,
MOF ij = u¯2(iγγ(gj`RPR + gj`LPL))v2
(
−igνγ
k2
22¯
−m2j + imjΓj
)
Γµνij (k11¯, k22¯)( −igµσ
k2
11¯
−m2i + imiΓi
)
u¯1(iγ
σ(gi`RPR + g
i
`LPL))v1, (5)
where i, j label Z or γ while 1 and 2 label the final state
leptons and can in principal be e or µ. The vector boson
four momenta are given by kxy = (px + py) where px
are the four momentum of the final state leptons. Note
that we have also set k = k11¯ and k
′ = k22¯ in the vertex
function Γµνij . The SF amplitude can be obtained from the
OF amplitude by swapping u1 ↔ u2 as well as p1 ↔ p2
and can be written as,
MSF ij = (−)u¯1(iγγ(gj`RPR + gj`LPL))v2
(
−igνγ
k2
12¯
−m2j + imjΓj
)
Γµνij (k12¯, k21¯)( −igµσ
k2
21¯
−m2i + imiΓi
)
u¯2(iγ
σ(gi`RPR + g
i
`LPL))v1, (6)
where note an overall minus sign is included to account
for the swapping of identical fermions and now k = k12¯
and k′ = k21¯ in the vertex Γ
µν
ij . Upon squaring Eq.(4)
this gives for the amplitude squared,
MijM∗¯ij¯ =MOF ijM∗OF i¯j¯ +MSF ijM∗SF i¯j¯
+ 2Re
(
MOF ijM∗SF i¯j¯
)
. (7)
The MOF ijM∗OF i¯j¯ term is equivalent to the 2e2µ ma-
trix element squared which was calculated in [33]. We
repeat this part of the calculation here for clarity and
consistency of notation. After summing over final state
lepton polarizations we can obtain a general amplitude
squared which encompasses any combination of interme-
diate states and is given by,
MOF ijM∗OF i¯j¯ =
(D11¯iD22¯jD
∗
11¯i¯D
∗
22¯j¯)
−1(gµσgνγgµ¯σ¯gν¯γ¯)
T `i¯i(p1, σ, p1¯, σ¯)T `jj¯(p2, γ, p2¯, γ¯)
(
3∑
n,n¯
ΓµνijnΓ
∗µ¯ν¯
i¯j¯n¯
)
, (8)
where Γµνijn are given in Eq.(1) and Eq.(2) and we have
defined the objects,
T Xi¯i (pa, σ, pb, σ¯) =
1
2 (g
i
XRg
i¯
XR + g
i
XLg
i¯
XL)× Tr(6 paγσ 6 pbγσ¯) +
1
2 (g
i
XRg
i¯
XR − giXLgi¯XL)× Tr(6 paγσ 6 pbγσ¯γ5), (9)
for the Dirac strings while for the propagators we have,
Dxyi = k
2
xy −m2i + iΓimi. (10)
5OF SF
ϕ
1
1¯
2
2¯
Vi
Vj
ϕ
2
1¯
1
2¯
Vi
Vj
FIG. 2. Feynman diagrams [39] contributing to ϕ → ViVj → 4` where 4` = 2e, 4e/4µ and Vi,j = Z, γ. The arrows are to
indicate the direction of momentum flow and 1, 2 label the lepton momenta. On the left we have the opposite (OF) flavor
diagram present in both the 2e2µ and 4e/4µ channels. On the right we have the same flavor (SF) flavor diagram present only
in the 4e/4µ channel. Note also that the diagram on the right hand side implicitly comes with an overall minus sign to account
for the switching of identical fermions (1↔ 2).
The gi`R,L represent the lepton couplings to Z and γ, but
are in fact at this point general left and right handed
couplings of a ‘Z-like’ spin-1 vector boson to a pair of
fermions. The bars on Lorentz, i, j, and n indices are
to indicate that the corresponding index belongs to the
conjugated amplitude and are distinct indices from the
un-bared ones. We treat all couplings at every vertex
encountered when tracing over the Dirac strings as dis-
tinct as well as all Breit-Wigner factors so for any am-
plitude squared term there can in principal be four dif-
ferent vector bosons as intermediate states. In the case
of the photon we have of course gγ`R = g
γ
`L = −eem and
mγ = Γγ = 0.
After expanding Eq.(8) we obtain,
MOF ijM∗OF i¯j¯
=
3∑
n,n¯
(
C++
nn¯iji¯j¯
L++nn¯ + C+−nn¯iji¯j¯L+−nn¯
+ C−+
nn¯iji¯j¯
L−+nn¯ + C−−nn¯iji¯j¯L−−nn¯
)
=
3∑
n,n¯
2∑
a,b
Cabnn¯iji¯j¯Labnn¯, (11)
where a, b = (±,±) with a and b corresponding to the
fermion pairs labeled 1 and 2 respectively in the OF di-
agram of Fig. 2 and have defined,
C±±
nn¯iji¯j¯
=
1
4
AnijA
∗
n¯i¯j¯(D11¯iD22¯jD
∗
11¯i¯D
∗
22¯j¯)
−1 (12)
× (gi`Rgi¯`R ± gi`Lgi¯`L)(gj`Rgj¯`R ± gj`Lgj¯`L)
L±±nn¯ = (gµσT
σσ¯
1±gµ¯σ¯)(gνγT
γγ¯
2±gν¯γ¯)V
µν
n V
∗µ¯ν¯
n¯ .
The Tσσ¯1± are the Dirac traces found in Eq.(9) and
± indicates whether the trace ends with a γ5 (−) or
not (+). From the objects in Eq.(12) we can go on to
obtain the full amplitude squared for the 2e2µ channel
as done in [33].
For the 4e/4µ final state we also have the second
squared term MSF ijM∗SF i¯j¯ , but this is obtained eas-
ily from MOF ijM∗OF i¯j¯ by swapping p1 ↔ p2. Thus the
only new term left to calculate in the 4e/4µ case is the
interference term MOF ijM∗SF i¯j¯ . Note also that the am-
plitudes in the 4e/4µ case come with a symmetry factor
of 1/2 for the identical final states, which we explicitly
add at a later step. After squaring the amplitude we find
for the interference term,
MOF ijM∗SF i¯j¯ =
−(D11¯iD22¯jD∗21¯i¯D∗12¯j¯)−1(gµσgνγgν¯γ¯gµ¯σ¯)
T `iji¯j¯(p2, γ, p2¯, γ¯, p1, σ, p1¯, σ¯)
(
3∑
n,n¯
ΓµνijnΓ
∗µ¯ν¯
i¯j¯n¯
)
, (13)
where Γµνijn are given in Eq.(1) and Eq.(2) and we have
defined,
T Xiji¯j¯(pa, γ, pb, γ¯, pc, σ, pd, σ¯) =
1
2 (g
i
XRg
j
XRg
i¯
XRg
j¯
XR + g
i
XLg
j
XLg
i¯
XLg
j¯
XL)
× Tr( 6 paγγ 6 pbγγ¯ 6 pcγσ 6 pdγσ¯) +
1
2 (g
i
XRg
j
XRg
i¯
XRg
j¯
XR − giXLgjXLgi¯XLgj¯XL)
× Tr( 6 paγγ 6 pbγγ¯ 6 pcγσ 6 pdγσ¯γ5). (14)
Expanding out the terms in Eq.(13) we can write the
interference term as,
MOF ijM∗SF i¯j¯
=
3∑
n,n¯
(
C+
nn¯iji¯j¯
L+nn¯ + C−nn¯iji¯j¯L−nn¯
)
=
3∑
n,n¯
2∑
a
Cann¯iji¯j¯Lann¯, (15)
6where the coefficients and Lorentz structure are now,
C±
nn¯iji¯j¯
=
1
2
AnijA
∗
n¯i¯j¯(D11¯iD22¯jD
∗
21¯i¯D
∗
12¯j¯)
−1
× (gi`Rgi¯`Rgj`Rgj¯`R ± gi`Lgi¯`Lgj`Lgj¯`L)
L±nn¯ = −(gµσgµ¯σ¯T γγ¯σσ¯12± gνγgν¯γ¯)V µνn V ∗µ¯ν¯n¯ . (16)
The T γγ¯σσ¯12± are the Dirac traces found in Eq.(14) and
again ± indicates whether the trace ends with a γ5 (−)
or not (+). Note that again the vector boson momentum
in V µνn of Eq.(16) is given by k = k11¯ and k
′ = k22¯, but
now in V ∗µ¯ν¯n¯ we have k = k12¯ and k′ = k21¯.
We can now take advantage of the fact that L±±nn¯ and
L±nn¯ are independent of the intermediate state vector
bosons to perform the sum over i, j = Z, γ and obtain
general coefficients for the Lorentz structure which in-
clude all contributions from Z and γ gauge bosons,
C±±nn¯ =
∑
iji¯j¯
C±±
nn¯iji¯j¯
, C±nn¯ =
∑
iji¯j¯
C±
nn¯iji¯j¯
. (17)
The full amplitude squared for ϕ → ZZ + Zγ + γγ →
4e/4µ can then be built out of the objects in Eqs.(12),
(16), and (17) as follows 4,
|Mϕ4e,4µ|2 = (
1
4
)
3∑
n,n¯
2∑
a,b
(
Cabnn¯Labnn¯ +
Cabnn¯Labnn¯|p1↔p2 + 2Re(Cann¯Lann¯)
)
, (18)
where we have included the 1/4 symmetry factor for the
identical final state fermions. One can also easily ob-
tain the amplitude squared for any combination of vertex
structures in Eq.(1) by not taking the sum over n and n¯
and choosing the desired n, n¯ combination. We will take
advantage of this property when performing integration
and when we examine the interference effects between
different operators below.
The final fully differential cross section (which is
treated at fixed
√
s) can then be obtained via,
dσϕ→4e/4µ
dM21 dM
2
2 d
~Ω
= Π4`|Mϕ4e/4µ|2 , (19)
where d~Ω = dcΘdcθ1dcθ2dΦdΦ1 (cθ = cos θ) and Π4` is
the final state massless lepton four body phase space de-
rived following [41] and given by,
Π4` = (
1
2pi
)2(
1
32pi2
)2(
1
32pis
)
×
(
1 +
(M21 −M22 )2
s2
− 2(M
2
1 +M
2
2 )
s
)1/2
. (20)
4 Analytic expressions may be obtained by emailing the authors
or at a website which is currently under construction [40].
Unlike the 2e2µ final state, the coefficients Cann¯ in the
interference term of Eq.(18) depend on the polar angles
cos θ1,2 and in particular through the denominators of the
vector boson propagators (see Eq.(6)). This makes ana-
lytic integration difficult. Thus analytic expressions for
the doubly differential mass spectra are not obtained in
the 4e/4µ channel as they were for 2e2µ [33]. In Fig. 16
of the Appendix we show plots for the differential mass
spectra after performing the angular integration numeri-
cally as well as various other doubly differential distribu-
tions for the SM signal hypotheses. Again, details of the
validation procedure can be found in [30, 31, 33].
IV. BACKGROUND
The dominant irreducible background to the golden
channel comes from qq¯ annihilation into gauge bosons.
At energies ∼ 125 GeV the dominant contribution comes
from t-channel Zγ production [33]. However, as was seen
in [33] contributions from s-channel process diagrams can
effect the angular distributions, such as the distribution
of the azimuthal angle between the lepton decay planes Φ
defined in Sec.II. Furthermore, we include the ZZ and γγ
contributions since in principal these are always present
and may have observable interference effects due to the
fact that they add at the amplitude level when decay-
ing to charged leptons and can mimic some of the ef-
fects of the signal tensor structures. Of course higher
order effects, including the gg initiated process [42–44]
will contribute as well, but these are expected to be sub-
dominant and mainly only effect the ‘input’ invariant
mass (and overall normalization) for the fully differen-
tial cross sections. Since we are not including production
variables in our set of observables and are not concerned
with the overall normalization, neglecting these contri-
butions has a minimal effect on our analysis framework,
but as mentioned previously should properly be taken
into account when including detector effects.
In this section we extend a previous calculation of the
2e2µ channel to include the 4e/4µ final state. The calcu-
lation follows in the same manner as for 2e2µ (with some
slight changes in notation) except that now one must
include the contribution from interference between the
final state identical particles, which in some kinematic
regimes can have non-negligible effects [21, 42]. In this
section we describe the calculation of this interference,
while the parts of the calculation which are identical to
the 2e2µ case can be found in [33]. Again we use the
Tracer [37] package in Mathematica [38] to perform the
necessary algebra.
A. Calculation
The background calculation is significantly more in-
volved than the signal calculation due to a much larger
number of Feynman diagrams (48 in total as opposed to
78 for signal) in addition to a more complicated Lorentz
structure. As in the signal case the amplitude can be
written as sum of opposite flavor (OF) amplitude and a
same flavor (SF) amplitude. Thus the amplitude squared
can again be written as,
MijM∗¯ij¯ =MOF ijM∗OF i¯j¯ +MSF ijM∗SF i¯j¯
+ 2Re
(
MOF ijM∗SF i¯j¯
)
. (21)
The first termMOF ijM∗OF i¯j¯ is exactly equivalent to the
2e2µ amplitude squared calculated in [33] to which we re-
fer the reader for details. The second termMSF ijM∗SF i¯j¯
can be easily computed from the first by the simple ex-
change p1 ↔ p2 as was done in the signal case. Thus the
only new term left to calculate is the identical final state
interference term MOF ijM∗SF i¯j¯ .
Following the strategy in [33] we organize the diagrams
after ‘twisting’ them into the form shown in Fig. 3 where
we allow the intermediate vector bosons to take on any
combination of Z or γ, but once chosen are treated as
fixed. We use the conventions indicated in [33] and in
particular refer to all of the diagrams in Fig 3 as ‘t-
channel’ type diagrams while the ‘u-channel’ diagrams
are obtained by switching the vertex at which the vector
bosons are attached. This is not to be confused with the
typical vocabulary for this process which refers to dia-
grams (a) and (b) as t-channel and diagrams (c) − (f)
as s-channel. We find this re-naming convenient for or-
ganizing and reducing the many terms which need to be
computed for the differential cross section (see [33] for a
more detailed explanation). The diagrams on the left are
labeled by OF, while those on the right are labeled by
SF. Note also that the diagrams on the right hand side
implicitly come with an overall minus sign to account for
the switching of identical fermions (p1 ↔ p2).
The Lorentz structure for all of these amplitudes is
clearly the same. One needs only to keep proper track
of how the various momentum are routed through each
diagram. We can see this by considering the amplitude
explicitly. Using the massless initial quark and final state
lepton approximation we can write any of the OF ampli-
tudes on the left hand side in Fig. 3 as,
MXnOFij = u¯Z(iγσ(gjZRPR + gjZLPL))vZ
(
−igµσ
k2
ZZ¯
−m2j + imjΓj
)
× v¯X(iγµ(giXRPR + giXLPL))
(
i 6 POFXn
POF2Xn
)
(iγν(gjXRPR + g
j
XLPL))uX
×
( −igνγ
k2
Y Y¯
−m2i + imiΓi
)
u¯Y (iγ
γ(giY RPR + g
i
Y LPL))vY , (22)
where we label the amplitude by the ‘long’ Dirac string,
in this case X. The labels X/Y/Z = 1, 2, q where 1, 2
are for final state lepton pairs while q is for the initial
state quarks. The i, j = Z, γ label the vector bosons and
n = t, u labels the t and u-channel diagrams in our new
vocabulary. The internal vector boson momenta are again
defined as kxy = (px + py), while the internal fermion
momentum are given by,
POFqt = pq − k11¯, POFqu = pq − k22¯ (23)
POF1t = −(p1¯ + k22¯), POF1u = kqq¯ − p1¯
POF2t = kqq¯ − p2¯, POF2u = −(p2¯ + k11¯).
For any of the SF amplitudes a similar formula as in
Eq.(22) applies except we take p1 ↔ p2 and multiply by
an overall minus sign in the corresponding OF amplitude
with the quark string in the same position (this simply
corresponds to diagrams in the same row of Fig. 3). Thus
we have for the SF amplitude,
MXnSFij = −MXnOFij
∣∣∣
p1↔p2
, (24)
while the internal fermion momentum are now given by,
PSFqt = pq − k21¯, PSFqu = pq − k12¯ (25)
PSF1t = −(p1¯ + k12¯), PSF1u = kqq¯ − p1¯
PSF2t = kqq¯ − p2¯, PSF2u = −(p2¯ + k21¯).
To obtain any of the physical amplitudes one simply as-
signs the appropriate labels to Eq.(22) or Eq.(24) as well
as the appropriate momenta. Thus for example for dia-
gram (c) we have X → 1, Y → q, Z → 2, and n→ t. To
switch from t-channel type to u-channel diagrams one
simply takes t → u and γσ ↔ γγ while to obtain the
corresponding SF diagram simply take OF → SF and
1↔ 2 and multiply by an overall sign. Note that for the
Z propagators we drop the momentum dependent terms
since they do not contribute in the massless lepton ap-
proximation.
As in the case of the signal, the next step is to find
a generalized amplitude squared for any two of the six
diagrams. Since we are only concerned with obtaining the
interference term MOF ijM∗SF i¯j¯ we need only consider
the terms coming from multiplying the amplitudes on the
left hand side (OF) with those on the right hand side (SF)
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FIG. 3. Feynman diagrams [39] contributing to qq¯ → ViVj → 4e/4µ and qq¯ → Vi,j → 4e/4µ where Vi,j = Z, γ and 1, 2 label the
lepton momenta. Note that although we define all diagrams as ‘t-channel’ type, diagrams (c)− (f) are in fact s-channel type in
the usual convention so the fermions labeled by 1 and 2 are not to be confused as being in the initial state. This is taken into
account in how the various momenta are assigned as indicated by the arrows. The diagrams on the left hand side are labeled
by OF, while those on the right are labeled by SF. Note also that the diagrams on the right hand side implicitly come with an
overall minus sign to account for the switching of identical fermions (1↔ 2).
in Fig. 3. These organize themselves into three distinct
types of Lorentz structure. The first type is found when
multiplying the two diagrams in the top row of Fig. 3
(corresponding to t-channel di-boson production in the
conventional language). These give,
MqnOFijMqn¯∗SF i¯j¯ =
× (gµσgµ¯σ¯gνγgν¯γ¯)(D11¯iD22¯jD∗21¯i¯D∗12¯j¯)−1
× T q
iji¯j¯
(pq¯, ν, P
OF
qn , µ, pq, µ¯, P
SF
qn¯ , ν¯)
× T `iji¯j¯(p2, γ, p2¯, γ¯, p1, σ, p1¯, σ¯), (26)
where the Dxyi are defined in Eq.(10) and the T Xiji¯j¯ are
defined in Eq.(14). Again the bars on Lorentz, i, j, and
n indices are to indicate that the corresponding index
belongs to the conjugated amplitude and are distinct in-
dices from the un-bared ones. Expanding out the terms in
Eq.(26) we can organize in a manner similar to Eqs.(11)
and (15) writing the amplitude squared as,
MqnOFijMqn¯∗SF i¯j¯ =
∑
a,b
Cabqqiji¯j¯Labqqnn¯, (27)
where again a, b = (±,±) with a and b corresponding
to the quark and lepton strings and we have defined the
Lorentz structure coefficients,
C±±
qqiji¯j¯
= (4D11¯iD22¯jD
∗
21¯i¯D
∗
12¯j¯)
−1
× (giqRgjqRgi¯qRgj¯qR ± giqLgjqLgi¯qLgj¯qL)
× (gi`Rgj`Rgi¯`Rgj¯`R ± gi`Lgj`Lgi¯`Lgj¯`L), (28)
and Lorentz structure,
L±±qqnn¯ = (gµσT
νµµ¯ν¯
qqnn¯±gµ¯σ¯)(gνγT
γγ¯σσ¯
`± gν¯γ¯), (29)
where the T objects are the traces found in Eq.(26).
The next type of Lorentz structure is found for any
OF/SF pair of diagrams in (c)−(f) (interference between
s-channel diagrams in the usual language). For those in
the same row we can write,
MY nOFijMY n¯∗SF i¯j¯ = (gµσgµ¯σ¯gνγgν¯γ¯)
× (DZZ¯iDqq¯jD∗Y Z¯i¯D∗qq¯j¯)−1T qjj¯(pq¯, γ, pq, γ¯) (30)
× T `iji¯ij¯i¯(pY , ν, POFY n , µ, pY¯ , µ¯, PSFY n¯ , ν¯, pZ , σ, pZ¯ , σ¯),
where here Y/Z = 1, 2 while the T X
jj¯
are defined in Eq.(9)
9and we have also defined,
T Xiji¯ij¯i¯(pa, ν, pb, µ, pc, γ¯, pd, σ, pe, µ¯, pf , ν¯) =
1
2 (g
i2
XRg
j
XRg
i¯2
XRg
j¯
XR + g
i2
XLg
j
XLg
i¯2
XLg
j¯
XL)
× Tr(6 paγν 6 pbγµ 6 pcγγ¯ 6 pdγσ, 6 pe, µ¯, 6 pf , ν¯) +
1
2 (g
i2
XRg
j
XRg
i¯2
XRg
j¯
XR − gi2XLgjXLgi¯2XLgj¯XL)
× Tr(6 paγν 6 pbγµ 6 pcγγ¯ 6 pdγσ, 6 pe, µ¯, 6 pf , ν¯, γ5). (31)
Expanding out Eq.(30) we can write the amplitude
squared as,
MY nOFijMY n¯∗SF i¯j¯ =
∑
a,b
CabY Y iji¯j¯LabY Y nn¯, (32)
where again a, b = (±,±) and we have defined the
Lorentz structure coefficients,
C±±
Y Y iji¯j¯
= (4DZZ¯iDqq¯jD
∗
Y Z¯i¯D
∗
qq¯j¯)
−1
× (gjqRgj¯qR ± gjqLgj¯qL)
× (gi2`Rgj`Rgi¯2`Rgj¯`R ± gi2`Lgj`Lgi¯2`Lgj¯`L), (33)
and Lorentz structure,
L±±Y Y nn¯ = (gµσT
γγ¯
q±gµ¯σ¯)(gνγT
νµµ¯ν¯σσ¯
Y Y nn¯±gν¯γ¯), (34)
where the T objects are the traces found in Eq.(30). For
products of diagrams in different rows in (c) − (f) we
obtain the following,
MY nOFijMZn¯∗SF i¯j¯ = (gµσgµ¯σ¯gνγgν¯γ¯)
× (DZZ¯iDqq¯jD∗qq¯i¯D∗ZY¯ j¯)−1T qjj¯(pq¯, γ, pq, σ¯) (35)
× T `iji¯ij¯i¯(pY , ν, POFY n , µ, pY¯ , γ¯, pZ , σ, pZ¯ , µ¯, PSFZn¯ , ν¯).
Again expanding out Eq.(35) we can write the amplitude
squared as,
MY nOFijMZn¯∗SF i¯j¯ =
∑
a,b
CabY Ziji¯j¯LabY Znn¯, (36)
where again a, b = (±,±) and we have defined the
Lorentz structure coefficients,
C±±
Y Ziji¯j¯
= (4DZZ¯iDqq¯jD
∗
qq¯i¯D
∗
ZY¯ j¯)
−1
× (gjqRgj¯qR ± gjqLgj¯qL)
× (gi2`Rgj`Rgi¯2`Rgj¯`R ± gi2`Lgj`Lgi¯2`Lgj¯`L), (37)
and Lorentz structure,
L±±Y Znn¯ = (gµσT
γγ¯
q±gµ¯σ¯)(gνγT
νµγ¯σµ¯ν¯
Y Znn¯± gν¯γ¯), (38)
where the T objects are the traces found in Eq.(35).
The final type of Lorentz structure occurs when a di-
agram from the first row (t-channel quark exchange di-
agram) interferes with one of the diagrams in (c) − (f)
(s-channel process in the usual language). For these we
can write,
MqnOFijMY n¯∗SF i¯j¯ = (DY Y¯ iDZZ¯jD∗Y Z¯i¯D∗qq¯j¯)−1
× (gµσgµ¯σ¯gνγgν¯γ¯)T qijj¯(pq¯, ν, POFqn , µ, pq, γ¯)
× T `iji¯j¯i¯(pZ , γ, pZ¯ , σ¯, pY , σ, pY¯ , µ¯, PSFY n¯ , ν¯), (39)
where Y = 1, 2 and we have defined,
T Xijj¯(pa, ν, pb, µ, pc, γ¯) =
1
2 (g
i
XRg
j
XRg
j¯
XR + g
i
XLg
j
XLg
j¯
XL)
× Tr(6 paγν 6 pbγµ 6 pcγγ¯) +
1
2 (g
i
XRg
j
XRg
j¯
XR − giXLgjXLgj¯XL)
× Tr(6 paγν 6 pbγµ 6 pcγγ¯ , γ5), (40)
as well as,
T Xiji¯j¯i¯(pa, ν, pb, µ, pc, γ¯, pd, σ, pe, µ¯) =
1
2 (g
i
XRg
j
XRg
i¯2
XRg
j¯
XR + g
i
XLg
j
XLg
i¯2
XLg
j¯
XL)
× Tr(6 paγν 6 pbγµ 6 pcγγ¯ 6 pdγσ, 6 pe, µ¯) +
1
2 (g
i
XRg
j
XRg
i¯2
XRg
j¯
XR − giXLgjXLgi¯2XLgj¯XL)
× Tr(6 paγν 6 pbγµ 6 pcγγ¯ 6 pdγσ, 6 pe, µ¯, γ5). (41)
After expanding out Eq.(39) we can write the amplitude
squared as,
MqnOFijMY n¯∗SF i¯j¯ =
∑
a,b
CabqY iji¯j¯LabqY nn¯, (42)
where again a, b = (±,±) and we have defined the
Lorentz structure coefficients,
C±±
qY iji¯j¯
= (4DY Y¯ iDZZ¯jD
∗
Y Z¯i¯D
∗
qq¯j¯)
−1
× (giqRgjqRgj¯qR ± giqLgjqLgj¯qL)
× (gi`Rgj`Rgi¯2`Rgj¯`R ± gi`Lgj`Lgi¯2`Lgj¯`L), (43)
and Lorentz structure,
L±±qY nn¯ = (gµσT
νµγ¯
qn±gµ¯σ¯)(gνγT
γσ¯σµ¯ν¯
Y n¯± gν¯γ¯), (44)
where the T objects are the traces found in Eq.(39).
As in the signal case we take advantage of the fact
that the Lorentz structures in Eqs.(29), (34), (38), and
(44) are independent of the intermediate vector bosons
to perform the sum over i, j in the Lorentz coefficients
defined in Eqs.(28), (33), (37), and (43) to obtain,
C±±qq =
∑
iji¯j¯
C±±
qqiji¯j¯
, C±±Y Y =
∑
iji¯j¯
C±±
Y Y iji¯j¯
,
C±±Y Z =
∑
iji¯j¯
C±±
Y Ziji¯j¯
, C±±qY =
∑
iji¯j¯
C±±
qY iji¯j¯
. (45)
In this way we easily take into account all possible com-
binations of intermediate vector bosons.
We now have all of the pieces5 necessary to build
the total interference term MOF ijM∗SF i¯j¯ in Eq.(21) in-
cluding all contributions from the intermediate vector
5 Expressions for the various coefficients and Lorentz structure can
be obtained by emailing the authors or at [40].
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bosons. Explicitly we have,
MOFM∗SF =
∑
iji¯j¯
MOF ijM∗SF i¯j¯
=
∑
a,b
∑
n,n¯
(
CabqqLabqqnn¯ + Cab11Lab11nn¯ + Cab22Lab22nn¯
)
+
∑
a,b
∑
n,n¯
(
Cabq1Labq1nn¯ + Cab1qLab1qnn¯ + Cabq2Labq2nn¯
)
+
∑
a,b
∑
n,n¯
(
Cab2qLab2qnn¯ + Cab12Lab12nn¯ + Cab21Lab21nn¯
)
, (46)
where the sum over intermediate vector bosons has already
been implicitly performed in Eq.(45) while the sum over n, n¯
which includes the t and u channel contributions is shown
explicitly (note that this also factors from the vector boson
sum). The CabXY coefficients are in general complex due to the
factor of i multiplying the decay width in the massive vec-
tor boson propagators. The Lorentz structure is either purely
real or purely imaginary depending on whether the term con-
tains an even or odd number of traces ending in γ5. These
traces give an overall factor of i (and an epsilon tensor). Thus
if LabXY nn¯ contains an even number of these traces, then it is
purely real and if it contains an odd number it is purely imag-
inary. Organizing in this manner allows for easier integration
when obtaining the various projections (as well as when per-
forming convolution to include detector effects [30, 31]).
Plugging Eq.(46) into Eq.(21) and using the results
from [33] as well as the fact that,
|MSF |2 = |MOF (p1 ↔ p2)|2, (47)
we can obtain the complete amplitude squared for the qq¯ →
4e/4µ background process,
|Mqq¯4e,4µ|2 = (
1
4
)
(
|MOF |2 + |MSF |2
+ 2Re(MOFM∗SF )
)
. (48)
where we have included a symmetry factor of 1/4 and implic-
itly included a color factor of 1/3 as well as a 1/4 for averaging
over initial state quark spins.
Again the fully differential cross section is found by com-
bining with the lepton four body phase space in Eq.(20) to
give,
dσqq¯→4e/4µ
dM21 dM
2
2 d
~Ω
= Π4`|Mqq¯4e/4µ|2. (49)
This expression can now be combined with the result for the
signal differential cross section to perform detailed analysis of
the golden channel. As in the case for signal, one also finds in
the interference terms a dependence on cos θ1,2 in the prop-
agator denominators, making it difficult to perform analytic
integration over the angular variables to obtain the doubly dif-
ferential mass spectrum as was done in the 2e2µ case [33]. We
thus perform this integration numerically and show in Fig. 17
of the Appendix the doubly differential mass spectra as well as
various other doubly differential distributions. Again details
of the validation procedure can be found in [30, 31, 33].
V. SCRUTINIZING THE GOLDEN CHANNEL
In this section we explore the potential of the golden chan-
nel to elucidate the nature of the couplings of a spin-0 scalar to
neutral electroweak gauge bosons. We begin by examining the
relative contributions of all the possible combinations of ten-
sor structures in Eq.(2) to the total ϕ→ 4` decay width. We
then perform a ‘toy’ generator level analysis to demonstrate
our parameter extraction procedure via maximization of the
likelihood. We present various parameter fits to show the flex-
ibility of our framework and its ability to extract the effective
couplings including their correlations. We only focus on ‘toy’
parameter extractions in this study, since a proper study of
the Higgs couplings requires careful inclusion of the relevant
detector effects as well as an adequate treatment of produc-
tion variables. We leave a more detailed investigation of the
Higgs couplings in the golden channel including detector ef-
fects to an accompanying study [30].
A. Relative ‘Partial Fractions’
The total decay width for ϕ → ZZ + Zγ + γγ → 4` can
be decomposed into the various ‘partial widths’ formed out of
pairs of tensor structures in Eq.(2) (or operators if interpreted
in terms of Eq.(3)). Since each term will be quadratic in the
couplings, we can label each partial width by the appropri-
ate combination of couplings AnijA
∗
n¯i¯j¯ . They are obtained by
integrating the fully differential decay width in Eq.(19) over
the kinematic variables defined in Sec. II. We then normalize
these partial widths to the standard model value to form the
various ‘partial fractions’.
We show in Fig. 4 a table of these partial fractions for ev-
ery possible combination of AnijA
∗
n¯i¯j¯ which can contribute
to the 2e2µ decay width. For these tables we take as our
phase space 4 GeV < M1,2 and
√
s = 125 GeV as well as
pT` > 2 GeV and |η`| < 2.4 for the transverse momentum
and rapidity respectively of the final state leptons. The cou-
plings Anij have been separated into their real and imaginary
components as Anij = AnijR + iAnijI and we have set all
AnijR,I = 1. All of the |AnijR,I |2 terms sit along the diagonal
with the various interference terms making up the off-diagonal
terms. Note that many of the interference terms are negative
indicating destructive interference between the corresponding
tensor structures (or operators).
In Fig. 5 we show the same plot for the 4e final state. One
can see the change in the partial fractions and in particular
the ZZ/γγ interference terms are significantly larger than in
the 2e2µ channel. The blank entries indicate terms which are
identically zero after integration. We can see that these entries
are those for which CP violation in the form of interference
between A1,2 and A3 tensor structures would occur. This is
indicative of the fact that after one integrates over the kine-
matic all information on CP violation is lost. Of course for
the fully differential decay width many of these terms are
non-zero in principal allowing for sensitivity to CP violation
in the golden channel. To get a rough idea of the size of these
CP violating terms, in Figs. 14 and 15 in the Appendix we
show the integral of the absolute value of the differential decay
width.
Since all couplings are set to one, these tables essentially
show how much each combination of tensor structures con-
tributes to the ϕ → 4` phase space relative to the standard
model contribution for which we have set A1ZZ = 2 and all
other couplings to zero. From these values of the relative par-
tial widths, one can gain some insight into which combina-
tion of operators the golden channel might be most sensitive
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to. Furthermore, for a specific model one can take the predic-
tion for the values of the various couplings and simply multi-
ply by the numbers given in Fig. 4-5 to get a feel for whether
those couplings might be probed in the golden channel. For
most realistic models, all couplings apart from A1ZZ are gen-
erated by higher dimensional operators and are expected to
be small. Of course, these rates do not contain information
about the shapes in the various distributions so in principal
the sensitivity is greater than might be inferred from these
values. In Sec. VII A of the Appendix we also show the same
partial fractions for a ‘CMS-like’ phase space as well as show
the same tables for the standard model prediction. Of course
for a scalar resonance with a mass much larger or smaller than
125 GeV these numbers can change significantly.
B. Simplified Analysis
In order to demonstrate the flexibility and potential of our
framework, we perform a simplified generator level analy-
sis neglecting any detector effects and at a fixed center of
mass energy of
√
s = mϕ = 125 GeV . To do this we con-
struct a maximum likelihood analysis using the fully differ-
ential cross sections in Eqs.(19) and (49) to build the signal
plus background pdf from which the total likelihood will be
constructed. Thus we have,
PS+B(O|f, ~λ) = f × PB(s,M1,M2, ~Ω) (50)
+(1− f)× PS(m2h,M1,M2, ~Ω|~λ).
where O = (s,M1,M2, ~Ω) is our final set of observables and f
is the background fraction, which we must also extract. The
signal and background pdfs are given by,
PS(m2h,M1,M2, ~Ω|~λ) = dσh→4`
dM21 dM
2
2 d
~Ω
PB(s,M1,M2, ~Ω) = dσqq¯→4`
dM21 dM
2
2 d
~Ω
, (51)
where they have been normalized over O (at fixed √s). With
the pdfs in hand we can now write the likelihood of obtaining
a particular data set containing N events as,
L(f, ~λ) =
N∏
O
PS+B(O|f, ~λ). (52)
After constructing L(f, ~λ) we then maximize with respect to
f and ~λ to extract the values which maximize the likelihood
λˆ and fˆ for a given data set. To asses the error we then re-
peat this for a large number of pseudo experiments to obtain
distributions for λˆ and fˆ with a corresponding spread. Below
we show the results for an example parameter point. More
details on this procedure can be found in [30] and [31].
C. Fit Definition
To examine the Higgs couplings to neutral gauge bosons,
we take as our hypothesis the vertex in Eq.(1). We can use an
overall phase rotation to make one of the parameters real. Fur-
thermore, we can avoid the need for the absolute normaliza-
tion if we instead fit to ratios of couplings. Which parameter
to make real and which ratios to construct explicitly is a mat-
ter of choice the most convenient of which depends on the fit
being performed. Thus, in terms of the vertex as defined in
Eqs.(2), we are explicitly fitting to,
Γµνij (k, k
′) ∝ Rij1 V µν1 +Rij2 V µν2 +Rij3 V µν3 (53)
whereRijn are complex ratios defined asRijn = Anij/|A| where
|A| is some normalization to be chosen for each fit. Since one
of the Rijn can always be made real there are in principal
twelve undetermined parameters to fit for when neglecting
the overall normalization (note RZγ1 = Rγγ1 = 0). Fitting to
ratios also makes any dependence on the production variables,
~pT and Y minimal since they mainly only affect selection ef-
ficiencies when detector effects are eventually included [30].
D. Example Parameter Extraction
As a demonstration of our ability to perform parameter
extraction, we analyze the following example parameter point:
• ~λ ≡ (A1ZZ = 1, A2ZZ = 0, A3ZZ = 5.1, A2Zγ =
0.05, A3Zγ = −0.1, A2γγ = 0.07, A3γγ = −0.08).
Note that even though A2ZZ is zero we still fit for it and there-
fore it is floated when performing the maximization. Thus we
allow for all operators in Eq.(3) to be ‘turned on’ simultane-
ously, but we assume all coefficients to be real. Our framework
can easily also allow for non-zero phases, but we do not con-
sider them here for simplicity. The pseudo-data set to which
we fit is obtained by generating large samples from the an-
alytic expressions using a simply constructed event genera-
tor6. We generate both signal and background events at fixed
energy
√
s = 125 GeV and M1,2 > 4 GeV . Since we seek
only to demonstrate the validity of our parameter extraction
framework, we focus on the 2e2µ final state for simplicity. It
would be interesting, however, to perform a dedicated study
and examine how the sensitivity of the 2e2µ final state com-
pares to the 4e/4µ final state for different choices of phase
space, but we leave this for future work. The parameter ex-
traction is performed by maximizing the likelihood function
as described above.
We first perform a simultaneous extraction of all param-
eters including the correlations assuming a pure signal sam-
ple. We show in Fig. 6 one dimensional results for a large set
of pseudo experiments containing 1000 events each. We have
explicitly fit to the ratios of couplings Rijn = Anij/|A| where
here we take |A| = |A1ZZ | (thus fixing RZZ1 = 1). The dis-
tribution for the extracted parameters obtained for the set of
pseudo experiments is shown in blue with the true value indi-
cated by the red vertical line. One can see that the true value
sits near the center of the distribution, an indication that
the maximization procedure is working properly and that the
global maximum of the likelihood function is in fact being
obtained in each pseudo experiment. The efficiency of con-
vergence in our maximization is & 99% and takes on the order
of a few minutes to complete [30, 31].
Of course there are also correlations between the param-
eters. To see this we can examine the different parameters
6 The event generator can be obtained from [40].
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FIG. 4. Here we plot the relative partial fractions for each possible combination of tensor structures in Eq.(1) for the 2e2µ final
state. For these partial fractions we take a ‘loose’ phase space of 4 GeV < M1,2, and
√
s = 125 GeV as well as pT` > 2 GeV
and |η`| < 2.4. They have been normalized to the standard model value for which we take A1ZZ = 2 and all other couplings
zero.
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FIG. 5. Here we plot the relative partial fractions for each possible combination of tensor structures in Eq.(1) for the 4e/4µ
final state. For these partial fractions we take a ‘loose’ phase space of 4 GeV < M1,2, and
√
s = 125 GeV as well as pT` > 2 GeV
and |η`| < 2.4. They have been normalized to the standard model value for which we take A1ZZ = 2 and all other couplings
zero.
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in pairs as shown in Fig. 7 again for 1000 events for each
pseudo experiment and assuming a pure signal sample. The
true value is indicated by the intersection of the two solid
black lines which as can be seen falls near the center of the
distribution. The colors indicate the density of pseudo exper-
iments returning a particular value for the extracted param-
eters as indicated on the x and y axis and we have fit to
Rijn = Anij/|A| where |A| = |A1ZZ |. We can see that in the
majority of pseudo experiments the fit returns values close
to the true ones. One can also see in these plots some of the
potential correlations between the various parameters though
of course the full set of correlations between the six parame-
ters which are contained in the fit can not be displayed eas-
ily. This also demonstrates the importance of including all
possible couplings in the differential cross section.
We can also examine how the results change when the
qq¯ → 4` background is included. As discussed above, when in-
cluding both signal and background we must also extract the
background fraction f . In Fig. 8 we show our results includ-
ing background in the likelihood. In the top left plot we show
the distribution of the extracted background fraction for 1000
signal plus 250 background events for a large set of pseudo
experiments. In the additional plots we compare the results
assuming a pure signal sample shown in black to those which
include both signal and background which are shown in red.
We fit to Rijn = Anij/|A|, but now take the overall normaliza-
tion to be |A| =
√∑
n,ij
|Anij |2. We can see that the couplings
which are affected the most by the inclusion of background
are the Zγ couplings. This can be understood by the fact that
near the signal region of 125 GeV , the background is primar-
ily composed of the Zγ intermediate state [33]. In general,
however, one can see that the effect of including background
is small, an indication that there is strong discrimination be-
tween signal and background as implied by the differences in
the various doubly differential spectra shown in [33] and in
Figs. 16-17.
It is also important to study how the spread of the dis-
tribution changes as a function of the numbers of events. In
Fig. 9 we have plotted the results for various number of signal
events ranging from 30 to 3000 per pseudo experiment with a
20% background fraction. The color indicates the density of
pseudo experiments which return a value of the parameter as
indicated on the y-axis. Here we again fit to Rijn = Anij/|A|,
and take the overall normalization to be |A| =
√∑
n,ij
|Anij |2.
We can easily see by the color that the spread roughly de-
creases with the expected 1/
√
N scaling as the number of
events is increased. The true value is now indicated by the
solid black line, which as can be seen sits within the red re-
gion indicating that in most of the pseudo experiments the fit
procedure returns a value of the parameter close to the true
value. Quantifying more precisely how the spread, or more ac-
curately the error, changes as a function of number of events
requires the inclusion of detector effects and is beyond the
scope of this study, but a more detailed analysis (using CMS
criteria) is left to ongoing/future work.
One of the interesting questions to ask, is whether the
golden channel is sensitive to the Zγ and γγ couplings of
ϕ assuming it is the recently discovered resonance at ∼
125 GeV. Since it has been firmly established that this res-
onance couples to ZZ through the ZµZ
µ operator with a
strength consistent with the SM prediction [36] it may per-
haps be difficult to extract the Zγ and γγ couplings since
they only occur through higher dimensional operators and
will have couplings ∼ O(10−2 − 10−3), thus suppressing the
partial widths corresponding to those operators in Figs. 4-
5. Determining whether this is in fact impossible requires a
detailed analysis including detector effects which is beyond
the scope of this paper and we leave it to a future study.
VI. CONCLUSIONS AND OUTLOOK
In this study we have completed the first stage in the con-
struction of a comprehensive analysis framework which builds
upon earlier studies [13, 17, 27] and is aimed at extracting as
much information as possible from the Higgs golden chan-
nel. First we extended previous analytic calculations for both
signal and background in the 2e2µ Higgs ‘golden channel’ to
include the 4e/4µ final states with the interference between
identical final states. We have presented an overview of the
calculations of the expressions as well as showing various dou-
bly differential projections and relative ‘partial fractions’ for
every combination of tensor structures.
We have also shown the potential of using these analytic ex-
pressions to perform parameter extraction of the various cou-
plings of a spin-0 scalar to neutral electroweak gauge bosons
including any correlations between parameters by implement-
ing them into a maximum likelihood analysis. In order to show
the validity of our maximization procedure we have focused
on a simplified generator level analysis which includes both
signal and background at fixed
√
s. As our example param-
eter point, we have performed a simultaneous extraction of
all parameters assuming real couplings (and overall normal-
ization) of our scalar to ZZ, Zγ, and γγ pairs as well as the
background fraction. We have shown that our maximum like-
lihood analysis gives accurate extraction of the parameters as
well as the background fraction.
A more accurate analysis of course requires the inclusion
of detector and systematic effects. We have not addressed
these issues here and instead have left them for a series of
accompanying studies of the golden channel [30, 31] where
we also demonstrate the advantage of analytic expressions
when including detector effects. We have also neglected the
use of ‘production variables’ into our set of observables since
this requires careful treatment of the production mechanism
which is beyond the scope of this study and furthermore would
introduce additional systematic uncertainties. Since we fit to
ratios of couplings and do not attempt to extract the overall
normalization however, our results and analysis procedure are
not overly sensitive to the production mechanism. We hope
to include a detailed description of the production mechanism
in future studies. In addition, we hope to conduct a detailed
comparison between the sensitivity of the 2e2µ and 4e/4µ
final states for different choices of the phase space cuts in
order to determine the optimal phase space for extracting
particular couplings to neutral electroweak gauge bosons.
In summary, we have demonstrated the potential of using
analytic expressions in the golden channel to extract the cou-
plings of a spin-0 scalar to neutral electroweak gauge bosons
and have completed the first stage in the construction of a
comprehensive analysis framework aimed at maximizing the
power of this channel. This framework can now readily be
adapted to include the relevant detector effects as well as any
systematic uncertainties.
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FIG. 6. One dimensional results for the extraction of the six parameters for a large set of pseudo experiments containing 1000
events each of a pure signal sample. We have explicitly fit to the ratios of couplings Rijn = Anij/|A|. Here we choose the
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FIG. 7. Here we examine the correlations between pairs of parameters. We conduct a large set of pseudo experiments with
1000 events for each and assuming a pure signal sample. The true value is indicated by the intersection of the two solid black
lines and again we have fit to the ratios Rijn = Anij/|A| and take the normalization to be |A| = |A1ZZ |.
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FIG. 8. Results including both signal and background in the likelihood. In the top left plot we show the distribution of the
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FIG. 9. Here we show the distribution of extracted parameters as a function of the numbers of events for 30 to 3000 signal
events per pseudo experiment with a 20% background fraction. In the top left plot we show the distribution of the extracted
background fraction while in the remaining plots we show the various couplings. The color indicates the density of pseudo
experiments which return a value of the parameter as indicated on the y-axis while the true value is now indicated by the solid
black line. We fit to the ratios Rijn = Anij/|A| and take the normalization to be |A| =
√∑
n,ij
|Anij |2.
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VII. APPENDIX
In this Appendix we examine the ‘partial fractions’ of
the various pairs of tensor structures which are found in
Eq.(1). We also display a number of doubly differential spec-
tra for a standard model signal as well as the qq¯ → 4` back-
ground. Finally, we also show our validation of the signal and
background calculations for the matrix element squared.
A. Relative ‘Partial Fractions’ for CMS Cuts
The total decay width for ϕ → ZZ + Zγ + γγ → 4` can
be decomposed into the various ‘partial widths’ formed out of
pairs of tensor structures in Eq.(2) (or operators if interpreted
in terms of Eq.(3)). Since each term will be quadratic in the
couplings, we can label each partial width by the appropri-
ate combination of couplings AnijA
∗
n¯i¯j¯ . They are obtained by
integrating the fully differential decay width in Eq.(19) over
the kinematic variables defined in Sec. II. We then normalize
these partial widths to the standard model value to form the
various ‘partial fractions’.
We show in Fig. 10 a table of these partial fractions for
every possible combination of AnijA
∗
n¯i¯j¯ which can contribute
to the 2e2µ decay width. For these partial fractions we now
take a ‘CMS-like’ phase space of 40 GeV .M1, 12 GeV .M2
and
√
s = 125 GeV as well as pT` > 20, 10, 7, 7 GeV for
the ordering of final state lepton pT and |η`| < 2.4 for their
rapidity. The couplings Anij have been separated into their
real and imaginary components as Anij = AnijR+ iAnijI and
we have set all AnijR,I = 1. All of the |AnijR,I |2 terms sit
along the diagonal with the various interference terms making
up the off-diagonal terms. Note that many of the interference
terms are negative indicating destructive interference between
the corresponding tensor structures (or operators).
In Fig. 11 we show the same plot for the 4e final state. One
can see the change in the partial fractions and in particular
the ZZ/γγ interference terms are significantly larger than in
the 2e2µ channel. The blank entries indicate terms which are
identically zero after integration. We can see that these entries
are those for which CP violation in the form of interference
between A1,2 and A3 tensor structures would occur. This is
indicative of the fact that after one integrates over the kine-
matic all information on CP violation is lost. Of course for
the fully differential decay width many of these terms are
non-zero in principal allowing for sensitivity to CP violation
in the golden channel.
Since all couplings are set to one, these tables essentially
show how much each combination of tensor structures con-
tributes to the ϕ → 4` phase space relative to the contribu-
tion from the partial width for which we have set A1ZZ = 2
and all other couplings to zero. From these values of the rel-
ative partial fractions, one can gain some insight into which
combination of operators the golden channel might be most
sensitive to. Furthermore, for a specific model one can take
the prediction for the values of the various couplings and sim-
ply multiply by the numbers given in Fig. 10-11 to get a feel
for whether those couplings might be probed in the golden
channel.
For most realistic models, all couplings apart fromA1ZZ are
generated by higher dimensional operators and are expected
to be small. In Figs. 12-13 we also show the same tables for
the standard model prediction including the Zγ and γγ cou-
plings for which we have A1ZZ = 2, A2Zγ ' 0.007, A2Zγ '
−0.008 [45]7 while all other couplings zero. These values are
normalized the same as in Figs. 10-11. Of course, these rates
do not contain information about the shapes in the various
distributions so in principal the sensitivity is greater than
might be inferred from these values. Whether or not the
golden channel has sensitivity to these couplings in the stan-
dard model requires careful study, which we leave for ongoing
work.
In Figs. 14 and 15 we show the integral of the absolute
value of the differential decay width. This gives a better indi-
cation of the shape differences in the different combinations of
operators since some of them can integrate to zero when the
absolute value is not taken. Furthermore we can see in this
table some of the potential sensitivity in the golden channel
to CP violation. Note that there are two sources of CP vi-
olation which occur. One is due to the interference between
the A1,2 and A3 tensor structures, while the other occurs in
the interference between the real and imaginary components
of the couplings from different tensor structures.
One could also imagine attempting to find different sets
of cuts in order to maximize the contribution of a particular
combination of operators. In addition, the sensitivity between
the 2e2µ and 4e/4µ final states may differ depending on the
phase space that is chosen. We leave a detailed investigation
of this issue to future work. These tables, however, obviously
only give a partial picture of the sensitivity to the different
operator combinations and are meant to be used only as a
guide. Of course when performing parameter extraction the
full kinematic information of the differential decay width is
used. Obviously, for a scalar resonance with a mass much
larger or smaller than 125 GeV these numbers can change
significantly.
B. Doubly Differential spectra
In Fig. 16-17 we show various combinations of the dou-
bly differential spectra for both the signal and background in
7 Note that there is a conversion done here from the parametriza-
tion in [45] to ours.
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FIG. 10. Here we plot the relative partial fractions for each possible combination of tensor structures in Eq.(1) for the 2e2µ
final state. For these partial fractions we take a ‘CMS-like’ phase space of 40 GeV . M1, 12 GeV . M2, and
√
s = 125 GeV
as well as pT` > 20, 10, 7, 7 GeV for the ordering of final state lepton pT and |η`| < 2.4 for their rapidity. They have been
normalized to the standard model value for which we take A1ZZ = 2 and all other couplings zero.
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FIG. 11. Here we plot the relative partial fractions for each possible combination of tensor structures in Eq.(1) for the 4e/4µ
final state. For these partial fractions we take a ‘CMS-like’ phase space of 40 GeV . M1, 12 GeV . M2, and
√
s = 125 GeV
as well as pT` > 20, 10, 7, 7 GeV for the ordering of final state lepton pT and |η`| < 2.4 for their rapidity. They have been
normalized to the standard model value for which we take A1ZZ = 2 and all other couplings zero.
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FIG. 12. Here we plot the relative partial fractions for the standard model values including the Zγ and γγ couplings (A1ZZ =
2, A2Zγ ' 0.007, A2γγ ' −0.008) [45] in the 2e2µ final state. For these partial fractions we take a ‘CMS-like’ phase space of
40 GeV .M1, 12 GeV .M2 and
√
s = 125 GeV as well as pT` > 20, 10, 7, 7 GeV for the ordering of final state lepton pT and
|η`| < 2.4 for their rapidity. They have been normalized to the partial width where we take A1ZZ = 2 and all other couplings
zero.
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FIG. 13. Here we plot the relative partial fractions for the standard model values including the Zγ and γγ couplings (A1ZZ =
2, A2Zγ ' 0.007, A2γγ ' −0.008) [45] in the 4e/4µ final state. For these partial fractions we take a ‘CMS-like’ phase space of
40 GeV .M1, 12 GeV .M2 and
√
s = 125 GeV as well as pT` > 20, 10, 7, 7 GeV for the ordering of final state lepton pT and
|η`| < 2.4 for their rapidity. They have been normalized to the partial width where we take A1ZZ = 2 and all other couplings
zero.
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FIG. 14. Here we plot the relative integrated absolute value of the fully differential decay rate for each possible combination of
vertex structures in Eq.(1) for the 2e2µ final state. For these partial fractions we take a ‘CMS-like’ phase space of 40 GeV .
M1, 12 GeV .M2 and
√
s = 125 GeV as well as pT` > 20, 10, 7, 7 GeV for the ordering of final state lepton pT and |η`| < 2.4
for their rapidity. They have been normalized to the partial width where we take A1ZZ = 2 and all other couplings zero.
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FIG. 15. Here we plot the relative integrated absolute value of the fully differential decay rate for each possible combination of
vertex structures in Eq.(1) for the 4e/4µ final state. For these partial fractions we take a ‘CMS-like’ phase space of 40 GeV .
M1, 12 GeV .M2 and
√
s = 125 GeV as well as pT` > 20, 10, 7, 7 GeV for the ordering of final state lepton pT and |η`| < 2.4
for their rapidity. They have been normalized to the partial width where we take A1ZZ = 2 and all other couplings zero.
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the 4e/4µ final state. These are primarily for illustration pur-
poses, but from these one can get an idea of the correlations
between the different kinematic variables. One can also see
from these spectra the strong discriminating power between
the signal and background in the golden channel. For the sig-
nal plots in Fig. 16 we only show the standard model result
for which only A1ZZ is non-zero
8. The background spectra
are shown in Fig. 17. For all distributions the phase space
is defined as 4 GeV < M1 < 120 GeV and 4 GeV < M2 <
120 GeV with
√
s = 125 GeV for signal and background. We
also take |η`| < 2.4 and pT` > 2 GeV for the lepton rapidity
and transverse momentum. For these distributions we show
the (M1,M2), (M1,Φ1), (M1,Φ), (M2,Φ1), (M2,Φ), (Φ1,Φ)
doubly differential spectra.
C. Validation of Calculations
In this section we show a validation of the analytic calcu-
lations for the golden channel signal and background. Both
the signal and background are validated against the Mad-
graph result for the leading order matrix element squared for
a large number of random phase space points. For these com-
parisons we have generated 100k random phase space points
in the range 5 GeV ≤ √s ≤ 1000 GeV so these expressions
are valid for essentially any scalar mass and energy range. We
show the validation for the 4e/4µ final state, but as discussed
above this is also validates the 2e2µ final state (though it was
also explicitly validated in [33]) which is simply one term in
the 4e/4µ matrix element squared.
We first show in Fig. 18 the validation for the ϕ→ 4` cal-
culation of the matrix element squared obtain in Eq.(18). We
show the validation in two ways. In the top plot we show the
Log(|M |2) for a large number of random phase space points
and plot the two results on top of one another. The Madgraph
result is shown in red while the analytic result is shown in yel-
low. The two results are indistinguishable from one another
and thus the two distributions sit on top of each other leading
to the orange color seen.
In the bottom plot we show the fractional difference in
their matrix elements squared for the same set of phase space
points. The agreement is perfect up to very tiny differences
due to numerical precision when evaluating the matrix ele-
ments squared for specific phase space points. To obtain the
matrix element squared from Madgraph we have implemented
the Lagrangian in Eq.(3) (or equivalently vertex in Eq.(1))
into the FeynRules/Madgraph [34, 35] framework. We have
chosen all of the Anij couplings to have random non-zero val-
ues for both their real and imaginary parts. Thus the complete
expression including all tensor structures in Eq.(1) and their
interference has been validated. One can now easily obtain
any expression which includes a subset of the possible tensor
structures by simply setting the unwanted Anij to zero.
In Fig. 19 we show the same validations for the leading
order qq¯ → 4` background again validated against the Mad-
graph result. Again we see essentially perfect agreement. See
also [33] for how the different components of the qq¯ → 4` de-
pend on
√
s. We also provide there an analytic expression for
8 Doubly differential spectra for a variety of other signal hypothesis
and phase space cuts as well as other pairs of variables not shown
here can be found on [33, 40].
the dominant component which has been integrated over all
angles and can be used for performing simplified studies.
For further valuations of the signal and background expres-
sions including the phase space, see [33],[30], and [31] where
the various 1D projections are shown. In [40] we also provide
the various expression available for download.
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FIG. 16. The doubly differential spectra for a SM signal assuming only A1ZZ is non-zero (i.e. the SM point). The phase space
is defined as 4 GeV < M1 < 120 GeV and 4 GeV < M2 < 120 GeV with
√
s = 125 GeV and interpreting M1 > M2 when
reconstructing the 4e/4µ final state. We also take |η`| < 2.4 and pT` > 2 GeV . From left to right and top to bottom we show
the (M1,M2), (M1,Φ1), (M1,Φ), (M2,Φ1), (M2,Φ), (Φ1,Φ) doubly differential spectra.
1M30 40
50 60
70 80
90 100
110 120
2
M
10
20
30
40
50
60
0
0.005
0.01
0.015
0.02
0.025
0.03
0.035
0
0.005
0.01
0.015
0.02
0.025
0.03
1M30 40
50 60
70 80
90 100
110 120
1
Φ
0
1
2
3
4
5
6
0
0.005
0.01
0.015
0.02
0.025
0.002
0.004
0.006
0.008
0.01
0.012
0.014
0.016
0.018
0.02
0.022
1M30 40
50 60
70 80
90 100
110 120
Φ
0
1
2
3
4
5
6
0
0.002
0.004
0.006
0.008
0.01
0.012
0.002
0.004
0.006
0.008
0.01
2M10
20
30
40
50
60
1
Φ
0
1
2
3
4
5
6
0
0.002
0.004
0.006
0.008
0.01
0.012
0.002
0.004
0.006
0.008
0.01
2M10
20
30
40
50
60
Φ
0
1
2
3
4
5
6
0
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.001
0.002
0.003
0.004
0.005
0.006
1Φ0 1
2 3
4 5
6
Φ
0
1
2
3
4
5
6
0.001
0.002
0.003
0.004
0.005
0.006
0.0015
0.002
0.0025
0.003
0.0035
0.004
0.0045
0.005
0.0055
FIG. 17. The doubly differential spectra for the SM qq¯ → 4e background. The phase space is defined as 4 GeV < M1 < 120 GeV
and 4 GeV < M2 < 120 GeV with
√
s = 125 GeV and interpreting M1 > M2 when reconstructing the 4e/4µ final state. We
also take |η`| < 2.4 and pT` > 2 GeV . From left to right and top to bottom we show the (M1,M2), (M1,Φ1), (M1,Φ), (M2,Φ1),
(M2,Φ), (Φ1,Φ) doubly differential spectra.
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FIG. 18. Here we compare the Madgraph matrix element
squared and the analytic result obtained in Eq.(18) for the
ϕ→ 4` signal. In the top plot shot we show the Log(|M |2) for
a large number of random phase space points and plot the two
results on top of one another. The Madgraph result is shown
in red while the analytic result is shown in yellow. The two
results are indistinguishable from one another and thus the
two distributions sit on top of each other leading to the orange
color seen. In the bottom plot we show the fractional differ-
ence in their matrix elements squared for the same set of phase
space points. The tiny differences seen are due to numerical
precision when evaluating the matrix elements squared for
specific phase space points.
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FIG. 19. Here we compare the Madgraph matrix element
squared and the analytic result obtained in Eq.(48) for the
qq¯ → 4` background. In the top plot shot we show the
Log(|M |2) for a large number of random phase space points
and plot the two results on top of one another. The Mad-
graph result is shown in red while the analytic result is shown
in yellow. The two results are indistinguishable from one an-
other and thus the two distributions sit on top of each other
leading to the orange color seen. In the bottom plot we show
the fractional difference in their matrix elements squared for
the same set of phase space points. The tiny differences seen
are due to numerical precision when evaluating the matrix
elements squared for specific phase space points.
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